Background: Sevoflurane is suggested as a suitable anesthetic agent for mask induction in adults. The authors recently found that hyperventilation during sevoflurane-nitrous oxide-oxygen mask induction is associated with cardiovascular hyperdynamic response. We tested the hypothesis that the hyperdynamic response can be explained by electroencephalography (EEG) findings.
SEVOFLURANE is a nonpungent, ultra-short-acting volatile anesthetic. Clinical trials have confirmed its suitability for mask induction in adults. 1 Sevoflurane is welltolerated, and rapid changes in inhaled concentrations during normoventilation usually are not associated with hyperdynamic responses, contrary to isoflurane 2 or desflurane. 3 We recently reported that controlled hyperventilation during sevoflurane-nitrous oxide-oxygen mask induction is associated with a transient hyperdynamic response not seen in patients who breathe spontaneously during sevoflurane mask induction. 4 In that study, two of the hyperventilated patients also expressed jerking movements of the shoulders and upper arms during the trial, resembling motor signs of epileptic activity. Sevoflurane has been associated in some anecdotal reports with epileptiform electroencephalogram (EEG) activity. 5, 6 We previously had shown an association between EEG burst suppression and heart rate in isoflurane 7 and enflurane 8 anesthesia. In the current randomized, controlled study we tested the hypothesis that the hyperdynamic response is associated with, and may in part be explained by, electroencephalographic findings during sevoflurane mask induction.
Materials and Methods
After obtaining institutional approval and written individual informed consent, 30 patients, American Society of Anesthesiologists physical status I or II, undergoing elective gynecologic surgery participated in the study (table 1) . Exclusion criteria were history of cardiac, pulmonary, or neurologic disease; body mass index Ͼ 28 kg/m 2 ; history of esophageal reflux; alcohol or drug abuse; and age older than 50 yr or younger than 18 yr.
Patients fasted for at least 8 h before anesthesia. They were premedicated with 5 mg oral diazepam, 60 min before anesthesia. At arrival in the operating room, infusion of Ringer's lactate solution was started. Routine monitoring during anesthesia consisted of heart rate, electrocardiography, and measurement of pulse oximetry, end-tidal carbon dioxide pressure, end-tidal sevoflurane concentration, and blood pressure. Ventilatory and gas measurements were performed from the ventilatory circuit at the connecting piece close to the face mask. These measures, together with ventilatory frequency and ventilation minute volume, were recorded at 1-min intervals. These data were collected using the DatexOhmeda AS/3 Anesthesia Monitor (Datex-Ohmeda Division, Instrumentarium, Helsinki, Finland).
To collect the EEG data, eight Zipprep electrodes (Aspect Medical Systems, Natick, MA) were positioned on both mastoid bones: at F7, F8, Fp1, and Fp2 (International 10-20 System) 9 and at Fpz. 10 A ground electrode was placed on the forehead. The electroencephalographic signal was band-pass filtered (1.0 -50 Hz), amplified, and displayed (Aspect A-1000 EEG Monitor; Aspect Medical Systems) from four bipolar electrode pairs: Fp1-left mastoid, Fp2-right mastoid, Fpz-F7, and Fpz-F8. EEG data were digitized and stored on a computer for later analyses.
Patients were allocated according to computer-generated random numbers into two groups: spontaneous breathing and controlled hyperventilation groups. In the latter, we aimed at an end-tidal pressure of carbon dioxide of 26 mmHg. All patients breathed oxygen via a clear face mask for 2 min before anesthetic induction. Baseline values for heart rate, mean arterial pressure (MAP), and pulse oximetry were measured. Sevoflurane anesthesia was induced via a face mask with a semiclosed anesthesia system primed with a fresh gas flow of 10 l/min (N 2 O: 5 l/min; O 2 : 5 l/min) and a sevoflurane vaporizer (Sevorane Abbott Vapor 19.3; Draegerwerk AG, Lübeck, Germany) set at a maximum of 8%. The patients were asked to exhale to the residual volume, followed by a vital-capacity breath with a face mask placed tightly over the nose and the mouth, and then to hold their breaths as long as possible. Thereafter, the patients were asked to breathe normally. A stopwatch was started when the patients took the first breath from the face mask. After they became unresponsive to verbal commands, manually controlled ventilation was started in the controlled hyperventilation group by squeezing of the anesthesia bag. End-tidal carbon dioxide pressure was observed and maintained at approximately 26 mmHg. The patients in the group breathing spontaneously did so throughout the study.
The sevoflurane-nitrous oxide-oxygen mask anesthetic induction with 8% inspired sevoflurane lasted for 6 min. At the end of this induction period, blood-gas analysis was performed for all patients using a blood sample collected from the radial artery by a single-puncture method. After collection of the arterial blood sample, the trial was complete. It was followed by tracheal intubation, facilitated with rocuronium. Thereafter, patients were treated according to the clinical requirements of their operations.
The study design was double-blind: Patients were not aware of their treatments, and EEGs were classified by a single neurophysiologist (V.J.) familiar with anesthesia EEGs but blinded to the patients' ventilation modes. The electroencephalographic phenomena were classified as blink (last eye blink), fast activity (Ͼ 13 Hz), slow activity (Ͻ 8 Hz), delta activity (Ͻ 4 Hz), slow delta activity (Ͻ 2 Hz), delta monophasic activity, slow delta monophasic activity with spikes, burst suppression, burst suppression with spikes, polyspikes, and rhythmic polyspikes (table 2, fig. 1 ). In this terminology, delta monophasic activity refers to waveform activity in the delta range without any variability in frequency; polyspike refers to a spike with more than two negative and positive deflections; and rhythmic polyspikes refers to polyspikes appearing at regular intervals. To differentiate between epileptiform electroencephalographic activity and artifacts, only phenomena occurring simulta- neously, even if not totally symmetrically in all four EEG channels, were classified.
Statistical Analysis
The parametric data were analyzed using analysis of variance for repeated measures, followed by paired and unpaired t tests as post hoc tests. The chi-square test and Fisher exact test, if appropriate, were used for nonparametric data. Statistics were analyzed using GB-Stat V6.5 for Windows (Dynamic Microsystems, Silver Spring, MD) or Statistical Package for the Social Sciences, Windows version 6.0.1 (SPSS, Chicago, IL). P Ͻ 0.05 was considered statistically significant. Parametric data are expressed as the mean Ϯ SD.
Results
Demographic characteristics of those patients breathing spontaneously and those who underwent controlled hyperventilation were similar (table 1). The hemodynamic profiles before anesthesia in these two groups were similar. The trial was completed without complications in any patients. No patient was excluded from the study.
The evolution of EEG findings during anesthetic induction with a sevoflurane-nitrous oxide-oxygen mask typically started with changes in eye movements: the slowing of saccadic eye movements and ending of blinks, followed by slow-rolling eye movements. This was accompanied by an increase in beta-range (Ͼ 13 Hz) activity and very rapidly also with an increase in slow (Ͻ 8 Hz) activity and delta activity (figs. 1 and 2). At this point, the EEG recordings between the two study groups started to differ. In most patients breathing spontaneously, mixed EEG activity or monophasic slow delta activity with or without spikes continued to the end of the study (tables 2 and 3, fig. 2 ). Rhythmic polyspikes were seen in one patient with spontaneous breathing. In that patient, heart rate increased from 62 to 88 beats/ min 3 min after beginning of induction.
The EEGs of all the patients undergoing controlled hyperventilation showed periods of polyspikes or rhythmic polyspikes (tables 2 and 3, fig. 3 ). In 11 patients, periods of rhythmic polyspikes were associated with EEG suppressions. Burst suppression with spikes was recorded in three patients (tables 2 and 3, fig. 1 ). Movements were seen in four patients undergoing hyperventilation. Three of these expressed jerking movements of the shoulders, biceps, or arms, and bilateral plantar flexion was seen in one patient. Movements began at 60 -120 s after the first inhalation of sevoflurane and were associated with slow delta EEG activity with or without spikes. Polyspikes or rhythmic polyspikes were seen later in all the patients experiencing movement. Heart rate reached its maximum (121-145 beats/min) 0 -60 s after the end of such movement. No generalized EEG discharges were recorded in any patient. An EEG recording of a patient showing jerking movements is presented in figure 3 .
In patients breathing spontaneously, delta monophasic activity persisted longer than in patients undergoing controlled hyperventilation. In patients undergoing hyperventilation, polyspikes occurred earlier. Otherwise, the time of appearance or duration of EEG features did not differ between the two groups (table 3) .
Heart rate and MAP started to differ between the two groups 2 min after beginning of induction (figs. 4 and 5). Patients breathing spontaneously showed no change in heart rate. In patients undergoing controlled hyperventilation, the heart rate increased from 78 Ϯ 14 to 121 Ϯ 18 beats/min (P Ͻ 0.001) at 4 min after induction and remained at that elevated level to the end of the trial. Mean arterial pressures between the two groups differed from 2 min after induction to the end of the study. In hyperventilated patients, MAP increased, whereas, in patients breathing spontaneously, it decreased. In eight patients, no epileptiform EEG activity (spikes, polyspikes, or rhythmic polyspikes) was recorded during the trial. All these patients were in the spontaneous breathing group (P Ͻ 0.01 between the study groups). A more than 30% increase in heart rate always was associated with epileptiform EEG activity ( fig. 6 ). No such connection was seen between EEG and MAP. In patients showing epileptiform EEG, MAP increased by 8% from baseline at 3 min after beginning of induction. In patients showing no epileptiform EEG, MAP decreased by 9% (not significant).
Blood-gas analyses of arterial blood at 6 min after anesthetic induction showed mild respiratory alkalosis in patients undergoing controlled hyperventilation, and mild respiratory acidosis in those patients breathing spontaneously (table 4).
Discussion
Our hypothesis was confirmed. The increase in heart rate was associated with EEG findings of spikes, polyspikes, and rhythmic polyspikes. These findings were more commonly recorded in patients undergoing controlled hyperventilation, although they were also seen in patients allowed to breathe spontaneously.
Jerking movements were seen in three of our patients. These movements did not occur, however, in conjunction with EEG spikes or polyspikes, which are considered to be epileptiform phenomena. 11 Instead, the movements were observed before the epileptiform EEG activity began. Heart rate and, in some patients, blood pressure also began to increase during delta activity in EEG; that is, before epileptiform spikes or polyspikes occurred. This does not rule out an epileptic nature of the hemodynamic activity and jerking movements seen in the hyperventilated patients. Subcortical discharges can be recorded with the use of depth EEG electrodes without any signs of epileptic activity in scalp EEG. 12 In our previous enflurane study, 8 a generalized epileptic seizure with motor activity occurred in a patient during a burst suppression EEG pattern. In that patient, similar to our current jerking patients, heart rate started to rise 1 min before spikes or cortical seizure activity were seen. In the current study, heart rate reached its maximum in all three jerking patients shortly after their movement responses, suggesting activation of the sympathetic nervous system. Rhythmic polyspikes were recorded in 13 of 15 patients undergoing hyperventilation; in 11, rhythmic polyspikes were seen during otherwise total EEG suppression. Generalized epileptic EEG discharges can occur during suppression, when EEG is recorded on the scalp. 13 We suggest subcortically induced transient epileptiform activity in those patients who have an unexpected increase in heart rate or blood pressure during sevoflurane mask induction. This activity can rapidly turn into motor activity, or it can be seen as rhythmic polyspikes in EEG recorded on the scalp. In all our patients this activity disappeared rapidly.
Therefore, our current findings may support in part the previous anecdotal reports of the clinically observed 4,14 and the EEG-verified 5, 6 epileptic discharges during sevoflurane anesthesia. The rhythmic polyspikes associated with tachycardia seen here resemble very closely, both in shape and frequency, those polyspikes presented in an early enflurane study by Rosén and Söderberg. 15 In their study of healthy, hyperventilated children, the rhythmic polyspikes changed to generalized epileptic discharges. Although we registered epileptiform EEG patterns, especially during hyperventilation, polyspikes were seen also in patients breathing spontaneously. We did not, however, record generalized EEG discharges in this study. Therefore, further studies are needed to elucidate the possible relation of our findings with true epileptic activity.
The explanation for the occurrence of epileptiform EEG activity during anesthetic induction with sevoflurane mask is not clear. One possibility is the speed of the anesthetic induction, which may change the balance of neuronal synaptic inhibition and excitation in the central nervous system. These rapid changes at the target site have been suggested as an explanation for the seizures associated with propofol anesthesia, 16 and the same mechanism can also play a role with sevoflurane. However, desflurane is an even faster anesthetic, yet it is not known to cause epileptiform activity.
Another possible mechanism explaining the differences in EEG is the ventilation mode itself. In patients breathing spontaneously, mean arterial carbon dioxide tension at 6 min after anesthetic induction was 52 mmHg, which probably caused cerebrovascular vasodilatation. Hyperventilation decreased the mean tension to 31 mmHg, which is sufficient to induce cerebrovascular vasoconstriction 17 and alkalosis. Theoretically, this vaso- Data are mean Ϯ SD.
* Differences between groups significant at P Ͻ 0.05. † Two observations. ‡ One observation.
EEG ϭ electroencephalography. constriction and alkalosis, together with sevoflurane, may activate epileptiform EEG patterns. In our patients, the spikes occurred within 1.5 min of the beginning of hyperventilation, probably more quickly than the vasoconstrictive or pH effects of decreased carbon dioxide in the brain. Furthermore, although the epileptiform EEG patterns in our study were more common in hyperventilated patients, they were also seen in 7 of 15 subjects not undergoing hyperventilation. Thus, ventilation mode may provoke epileptiform EEG, but it cannot totally explain our current findings. The monophasic sharp waves seen here resemble the K complex seen in EEG during physiologic sleep, as described by Amzica and Steriade. 18 They showed that the K complex is a rhythmic waveform resulting from oscillations of excitation and inhibition, which has a frequency of 0.5-0.7 Hz. Maximal cellular activity coincided with the sharp positive peaks of this waveform. Interestingly, epileptiform spikes in our patients coincided with peaks in this monophasic waveform ( fig. 3 ). Conversely, in some patients, this monophasic wave resembled the triphasic waveform also seen occasionally in epileptic conditions. 11 Oscillation activity similar to K complexes has also been described during anesthesia. 19 Therefore, the K complexes and spikes shown in our study may share a common mechanism at the cellular level, and the decreased inhibition may produce the epileptiform spikes during anesthesia, particularly when cellular activity is maximal during positive sharp waves. Recent studies have shown that isoflurane, enflurane, or sevoflurane each causes an increase in cortical somatosensory evoked potentials. 20, 21 This can be explained by the stronger suppressive effect of these anesthetics on -aminobutyric acid adrenergic inhibitory activity than on thalamocortical excitatory activity, and this further supports the view of inhibitory-excitatory imbalance in our patients.
An increase in heart rate was not accompanied by any significant increase in blood pressure in patients showing an epileptiform EEG. This is partly explained by the decreasing effect of sevoflurane on total peripheral resistance. 22 Because no effect of hyperventilation on hemodynamics was seen in our previous study, 4 it is unlikely that the ventilation mode itself had any major effect on hemodynamics.
In conclusion, we have shown an association between heart rate and epileptiform EEG during anesthetic induction with the sevoflurane-nitrous oxide-oxygen mask in healthy adults. Epileptiform EEG phenomena were registered in patients undergoing controlled hyperventilation and also during spontaneous breathing of sevoflurane. The increase in heart rate of more than 30% during sevoflurane mask induction indicated epileptiform EEG activity. 
